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In fibrotic skin of lipodermatosclerosis a substantial
increase of the cross-link hydroxylysylpyridinoline is
observed. Hydroxylysylpyridinoline is a typical cross-
link of skeletal tissue and is thought to play a
major part in the hardening of sclerotic tissue. We
investigated whether the increase in hydroxylysylpyri-
dinoline is due to overhydroxylation of lysyl residues in
the collagen molecule, which may also be asso-
ciated with an increase of glycosylated hydroxylysine
residues. Furthermore, we determined whether the
collagen fibrils in lipodermatosclerosis showed a
decrease of the diameter in the tissue as well as in vitro
after fibrillogenesis of pepsin-solubilized collagens.
Isolated a-chains of pepsin solubilized collagen I
showed an increase in lysyl hydroxylation (hyl/
(hyl F lys)) as compared with normal control [a1(I):
lipodermatosclerosis 0.18 K 0.01; control 0.12 K 0.01;
a2(I): lipodermatosclerosis 0.36 K 0.02; control
Lipodermatosclerosis (LDS) in patients with chronicvenous insufficiency is characterized by an excessiveaccumulation of extracellular matrix which in con-sequence leads to hardening of the tissue. The initialevents which trigger the sclerotic process are not known
at present. It has been suggested that trapping and activation of
leukocytes in microvessels play a major part in the pathogenesis of
leg ulcers and LDS (Saharay et al, 1997). Similar to fibrosis of the
lung or liver a change in the mode of cross-linking of collagen is
observed in LDS leading to an increase of pyridinolines in sclerotic
skin (Reiser et al, 1992; Ricard-Blum et al, 1993; Brinckmann et al,
1996). Hydroxylysylpyridinoline (HP) is a mature trifunctional
cross-link and occurs predominantly in skeletal tissues. It is the
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0.25 K 0.03, p < 0.001]. Furthermore, the content of
enzymatic glycosylated hydroxlysine residues
increased. This increase is associated with a decrease of
fibril diameter of both tissue and fibrils formed in vitro
of pepsin-solubilized collagens. In the same pool of
collagens an increase in collagen III content was
observed as compared with controls (lipodermato-
sclerosis 14.5% K 1.6, control 10.3% K 1.6, p < 0.001).
Our results showed that the overhydroxylation of lysyl
residues, which is required for the generation of
hydroxylysylpyridinoline, is not only restricted to the
telopeptides but also affects the helical part of the
molecule. This process is further associated with an
increase of glycosylated hydroxylysyl residues. These
changes along with the increase in collagen III content
seem to be responsible for the observed alteration in the
architecture of collagen fibrils in sclerotic skin.
Key words: fibrosis/hydroxylation/pyridinolines. J Invest
Dermatol 113:617–621, 1999
end-product of a complex process of cross-link formation
commencing with the lysyl oxidase-dependent oxidative deamina-
tion of hydroxylysine residues in telopeptides. Condensation of
hylald with hydroxylysine of the helical part of the collagen molecule
leads to the difunctional cross-link dehydro-dihydroxylysinonor-
leucine (∆-DHLNL). When ∆-DHLNL covalently interacts with
hylald in the telopeptides of yet another collagen chain the end-
product HP is generated (α1(I)-hylald-16c 3 α2(I)-hyl-87 3 α1(I)-
hylald-16c, Eyre et al, 1984). In normal skin only traces of HP are
present, probably because the lysine residues in telopeptides are
predominantly not hydroxylated (Barnes et al, 1971). In this
instance, after deamination of lysyl residues the difunctional cross-
link dehydro-hydroxylysinonorleucine (∆-HLNL) is formed by
condensation with a hydroxylysine residing in the helical part of a
second collagen molecule. Condensation with a ‘helical histidine’
leads to the trifunctional cross-link histidinohydroxylysinonor-
leucine (HHL, α1(I)-lysald 16c 3 α2(I)-hyl-87 3 α2(I)-his-92;
Yamauchi et al, 1987). A shift in the cross-link pattern similar to
that seen in LDS occurs physiologically in normal wound healing,
although transiently. The concentration of the difunctional com-
pound ∆-DHLNL increases and after a few months the mode of
cross-linking turns back to the lysald-pathway resulting in a decrease
of ∆-DHLNL and an increase in ∆-HLNL (Bailey et al, 1975).
In this study of LDS we determined whether the shift in
the mode of cross-linking leading to HP is due to either an
618 BRINCKMANN ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
overhydroxylation of the telopeptides alone or to an increased
hydroxylation of the entire molecule. The latter may be associated
with an increase of enzymatic glycosylation, which in turn alters
the mophology of collagen fibrils. Both an increase in enzymatic
glycosylation and in the collagen III content lead to a lowering of
fibril diameter of collagens (Torre-Blanco et al, 1992 Notbohm
et al, 1993). In the second part of our study we determined whether
the collagen fibrils in LDS showed a decrease of the diameter in
the tissue as well as in vitro after fibrillogenesis of pepsin solubilized
collagens. Furthermore, we determined the ratio of collagen III/
collagen I in the same pool of collagens.
MATERIALS AND METHODS
Human skin samples Fibrotic skin was obtained from patients with
LDS undergoing reconstructive surgery of sclerotic areas (n 5 9, mean age
73). LDS of all patients was caused by chronic venous insufficiency.
Clinically normal skin of the lower leg of patients undergoing plastic
surgery was obtained as controls (n 5 7, sex and age matched). All skin
samples from patients and controls were obtained by informed consent of
the donors.
Extraction of collagen Limited pepsin digestion was used to solubilize
collagens from skin specimen. The skin was powdered under liquid nitrogen
in a hammer mill and suspended in 0.05% acetic acid, pH 1.8 (adjusted
with HCl), supplemented with pepsin (Boehringer Mannheim, Germany)
to a final concentration of 0.1 mg per mg dry weight for 24 h at 4°C.
After centrifugation at 90,000 3 g (1 h, 4°C) supernatants were neutralized
and stored at –20°C. This digestion procedure was repeated five times. All
neutralized supernatants were pooled, salt precipitated (4.5 M NaCl,
pH 7.4) and redissolved in 0.05% acetic acid. The solubility of collagen
was expressed as solubilized hydroxyproline per mg dry weight of tissue.
Electrophoretic separation Aliquots of solubilized collagens were lyo-
philized and redissolved in sodium dodecyl sulfate sample buffer in a
concentration of 1 mg per ml. Each sample was heated to 95°C for 2 min
and quenched on ice prior to sample loading. Separation of collagen chains
on polyacrylamide gels was carried out either in the presence or absence
of 2-mercaptoethanol in the sample buffer and also under conditions with
delayed reduction (Sykes et al, 1976). Gels were stained with Coomassie
blue and the relative amounts of the different collagen chains were measured
by densitometric scanning using a video scanner for whole band analysis
calibrated by a photographic step tablet (Computer & Vision, Lu¨beck,
Germany; Kodak, Rochester, NY).
Sequential salt precipitations In order to separate different collagen
types, sequential neutral salt and acetic acid precipitations were carried out
by consecutive dialysis against 1.0 M, 1.8 M, and 2.5 M NaCl solutions
(Miller et al, 1984). After centrifugation (90,000 3 g, 1 h, 4°C) the pellets
were redissolved in 0.05% acetic acid and dialyzed against the same solvent
to remove residual salt.
Preparation of a1(I)- and a2(I)-chains Collagen I, obtained by salt
precipitation, was dissolved in 4 M guanidine HCl, heat denatured (56°C,
10 min) and quenched on ice. The γ- and β-components were separated
from the α-chains on a Superose 6 fast protein liquid chromatography
molecular sieve column (Pharmacia, Uppsala, Sweden), as reported else-
where (Brinckmann et al, 1994). The monomeric fraction containing
collagen I was loaded on to a C-18 reversed-phase column (Vydac
201TP54, Separations Group, Hesperia, CA) in 500 µl aliquots at room
temperature. In order to resolve the α-chains, the column was eluted using
a linear gradient from 19.5% (vol/vol) to 32.5% (vol/vol) acetonitrile
(high-performance liquid chromatography grade, Baker, Deventer, the
Netherlands) over 35 min at a flow rate of 1 ml per min (Bateman et al,
1986). Collagen content and purity of each elution fraction was checked
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Amino acid analysis To determine the degree of lysyl hydroxylation,
100 µg aliquots of lyophilized α1(I) and α2(I) were hydrolyzed (6 M HCl,
110°C, 24 h). For the determination of galactosyl- and glucosyl-galactosyl-
hydroxylysine residues of collagen I (GH and GGH), 100 µg of monomers
of the 2.5 M NaCl precipitate separated by fast protein liquid chromato-
graphy were hydrolyzed with 2 M KOH. Purification was carried out by
cation exchange chromatography on Dowex 50W-X8 as described by
Tenni et al (1984) The lyophilized eluates were redissolved in sample buffer
for amino acid analysis and separated with an amino acid analyzer using a
step gradient composed of 7.3 ml buffer Na-F and 3.2 ml Na-D (Beckmann,
Figure 1. Both the a1(I)- and a2(I)-chain express an
overhydroxylation of lysyl residues. After sequential salt precipitation
of pepsin-solubilized collagens the individual α-chains were separated by
fast protein liquid chromatography and high-performance liquid
chromatography. The degree of lysyl hydroxylation was determined on an
amino acid analyzer. Each bar corresponds to the mean 6 SD.
Germany). A glucosyl-galactosyl-hydroxylysine standard was prepared in
the laboratory from a marine sponge. Hydroxylysine (Hyl) and lysine (Lys)
were obtained commercially (Serva, Germany). The degree of lysyl
hydroxylation was expressed as ratio of Hyl/(Hyl 1 Lys) and the content
of enzymatically glycosylated hydroxylysine residues as gal-hyl 1 glc-gal-
hyl/molecule.
In vitro fibril formation Stock solutions were prepared by ultra-
centrifugation of pepsin solubilized and salt precipitated collagen solutions
(0.05%HAc) at a concentration of 1 mg per ml (200,000 3 g, 1 h, 4°C).
The upper half of the supernatant was withdrawn and adjusted to a final
concentration of 200 µg per ml, controlled with a spectropolarimeter
(Jasco J-500A). Self-assembly conditions followed a modification of the
method described by Williams et al (1978): briefly, 100 µg collagen per
ml, 30 mM K2HPO4, and 135 mM NaCl, pH 7.4. Samples were then
transferred to a thermo-controlled quartz cuvette. Fibril formation was
triggered by rising the incubation temperature to 34°C for 60 min
continuously.
Electron microscopy
Collagen fibrils formed in vitro For electron microscopy, aliquots of assembly
mixtures were incubated as described above and 4 3 3 µl were transferred
to formvar coated copper grids using a micropipette. Fibrils were allowed
to precipitate for 30 min after which the buffer was drained carefully with
filter paper followed by three washing steps. Subsequently, the fibrils were
stained for 2 min with freshly prepared uranylacetate (1%) dissolved in
distilled water, washed another three times and dried. Grids were examined
using a Zeiss EM 109 electron microscope. Fibril width was determined
in the uniform region for 200 fibrils per sample using an image analysis
system (Optoquant, Lu¨beck, Germany).
Collagen fibrils in tissue Tissue was fixed in 2.5% glutaraldehyde, dehyd-
rated, and postfixed with 1% osmium tetraoxide. Ultrathin sections were
cut, collected on copper grids, and stained with uranyl acetate and lead
citrate. The grids were examined in a Zeiss EM 109 electron microscope
and fibril width was measured as above.
Statistical analysis Statistical analysis was based on the U-test according
to Wilcoxon, Mann, and Whitney.
RESULTS
The degree of lysyl hydroxylation and glycosylation of
hydroxylysyl residues increase in LDS Both the α1(I) and
the α2(I)-chain showed an overhydroxylation of lysyl residues.
The degree of lysyl hydroxylation increased from 0.118 6 0.007
in controls to 0.179 6 0.013 in LDS for α1(I)-chain and from
0.254 6 0.034 in controls to 0.356 6 0.016 for α2(I)-chain (n 5
9, α1(I); n 5 7, α2(I); mean 6 SD; p , 0.001; Fig 1). For proline
hydroxylation a slight but not significant increase occurs in α-
chains of LDS specimens [α1(I)-chain: LDS: 0.426 6 0.007;
control: 0.408 6 0.018; α2(I)-chain: LDS: 0.419 6 0.007; control:
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Table I. Glycosylated hydroxylysine residues per molecule
collagen I and degree of glycosylationa
Sugar LDS Control Increase
gal-hyl 1.61 6 0.11 1.1 6 0.18 46% p , 0.005
glc-gal-hyl 2.92 6 0.3 2.0 6 0.18 46% p , 0.005
(gal-hyl 1 glc-gal-hyl)/hyl 0.191 0.192 – p . 0.05
agal, galactose; glc, glucose; hyl, hydroxylysine; mean 6 SD.
Figure 2. The collagen III/I ratio in LDS is increased. (a) gel
electrophoresis; (b) collagen III/I ratio. After limited pepsin digestion and
salt precipitation µ5 µg of collagen was separated on sodium dodecyl
sulfate polyacrylamide gel electrophoresis. After staining with Coomassie-
blue the ratio of collagen III/(collagen III 1 I) was determined by use of
a video-densitometer. (A) Control; (B) LDS; (C) standard, pepsin-
solubilized calf collagen. Each bar corresponds to the mean 6 SD.
0.402 6 0.008; p . 0.05]. The amount of glycosylated hydroxylys-
ine residues in collagen I increased from 3.1 6 0.3 in controls
(n 5 6) to 4.5 6 0.3 residues/molecule in LDS specimen (n 5 5,
p , 0.005). The increase in enzymatic glycosylated hydroxylysyl
residues belong to both, gal-hyl and glc-gal-hyl, and differences in
the degree of enzymatic glycosylation did not occur (Table I).
The solubility of collagens and the ratio of collagen III/
collagen I are increased in LDS Solubility was defined as
the proportion of pepsin-solubilized collagen expressed as hyp per
mg dry weight of skin. In sclerotic skin of LDS the solubility of
collagens was significantly higher as compared with normal skin.
In normal skin 51 6 26 mg hydroxyproline could be solu-
bilized per g dry weight of cutaneous tissue, whereas in LDS
240 6 15 mg/g. Furthermore, the content of collagen III increased
in the fraction of pepsin solubilized collagens in LDS. Mean value
and standard deviation of collagen III/(collagen III 1 collagen I)
Figure 3. Small diameter fibrils in sclerotic areas of LDS. (a) LDS;
(b) control; (c) box and whisker blot of fibril width. Tissue was fixed in
glutaraldehyde. Ultrathin sections were cut, collected on copper grids, and
stained with uranyl acetate. Fibril width was determined with an image
analysis system (scale bar: 0.1 µm). The box and whisker blot represent
lowest value, 25% quantile, median, 75% quantile and highest value.
for LDS were 14.5 6 1.6% and for normal skin 10.3 6 1.6%
respectivly (p , 0.001; Fig 2a, b).
Electron microscopy shows an increase in small diameter
fibrils in vivo and in vitro The fibrils in representative sclerotic
areas of LDS (Fig 3a) showed a variable diameter compared with
control (Fig 3b). An increased number of fibrils with small diameter
was present and some of them appeared irregularly shaped (Fig 3c).
Furthermore, packing of fibrils was less dense, the amount of
ground substance had increased. In vitro reconstructed fibrils showed
distinct fibrils with uniform diameter over substantial length. The
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Figure 4. Decrease of diameter of fibrils formed in vitro. (a) Electron
micrograph of reconstructed fibrils. (b) Fibril width of LDS and control.
Self-assembly of pepsin-solubilized collagens in sample buffer (200 mg
collagen per ml, 30 mM K2HPO4, 135 mM NaCl, pH 7.4) was triggered
by rising the incubation temperature to 34°C. Aliquots of assembly mixtures
were transferred to copper grids. Precipitated fibrils were stained with
uranylacetate (1%). Fibril width was measured with an image analysis
system (Optoquant, Lu¨beck, Germany). The bar corresponds to 1.1 µm.
diameter of collagen fibrils of LDS showed an increase in small
diameter fibrils (n 5 4) (Fig 4a, b).
DISCUSSION
There is evidence to suggest that organ fibrosis is a unique process
associated with a change in the mode of cross-linking of collagen
molecules resulting in a hardening of tissue (Reiser et al, 1992;
Ricard-Blum et al, 1992). In the case of skin diseases an increase
in cross-links of the pyridinoline type were observed in fibrosis
due to chromomycosis infection, hypertrophic scars, and LDS
(Moriguchi and Fujimoto, 1979; Ricard-Blum et al, 1993). Further-
more, in LDS a change in the mode of three-dimensional orientation
of collagen molecule is observed leading to an altered axial spacing
of collagen molecules, which is 1 nm larger as in normal skin
(Brinckmann et al, 1996). The generation of HP in fibrotic
skin, which is a typical cross-link of skeletal tissues, requires the
hydroxylation of certain lysine residues residing in the telopeptides
of the collagen molecules. In normal skin the lysine residues are
virtually not hydroxylated and represent the basis for the generation
of the trifunctional cross-link HHL (Barnes et al, 1971).
Our results showed clearly that the increase in HP cross-links is
due to an overhydroxylation of the entire collagen molecule.
Furthermore, the altered content of hydroxylysine residues is
accompanied by an increased content of enzymatic glycosylated
hydroxylysine residues. In LDS the increase of lysyl hydroxylation
by about 50% results in seven additional hydroxylysyl residues per
helical part of the molecule, of which one residue is further
enzymatically glycosylated. The precise function of the enzymatic
glycosylation of collagen molecules is still not fully understood,
although it is likely to modulate physicochemical properties,
such as hydrophobicity and susceptibility to proteolysis (Yang
et al, 1993a).
As the increased numbers of enzymatic glycosylated hydroxyly-
sine residues reduce the hydrophobicity necessary for collagen
aggregation, the fibril formation may also be influenced by glycoside
residues. There is recent experimental evidence that even small
increases in glycosylation influence several steps in fibril formation
and reduce the diameter of newly formed fibrils (Torre-Blanco
et al, 1992; Yang et al, 1993b; Notbohm et al, 1999b). Our study
clearly showed that the increased content of hydroxylysine and
glycosylated hydroxylysine in LDS is associated with a decrease in
the diameter of fibrils present in the tissue. Furthermore, fibrils
formed in vitro by pepsin-solubilized collagen showed a minor
increase in small diameter fibrils as well. Changes of the diameter
of collagen fibrils in the tissue could be attributed to both the
influence of post-translational modifications of collagens and the
influence of noncollagenous proteins as it is shown for decorin
(Scott, 1988). Actually, electron microscopy of sclerotic areas in
LDS showed an increase in ground substance. In contrast, the
decrease of the diameter of fibrils formed in vitro could only be
directed to parameters of collagens. From studies of in vitro self-
assembly it has already been demonstrated that fibril diameters are
reduced if collagen III is incubated with collagen I (Lapie´re et al,
1977; Birk and Silver, 1984; Romanic et al, 1991). A representative
study of fibrils formed by acid extracted calf collagen I and III
solutions yielded average diameters of 62.3 nm (low collagen III
content: 5%) and 48.9 nm (high collagen III content: 30%)
(Notbohm et al, 1993). The analysis of the collagen III/collagen I
ratio of the pepsin-solubilized collagen showed a higher content
of collagen III for the specimens of LDS which can be due to an
increased content of collagen III in the tissue or to an increased
solubility of collagen III in comparison with collagen I. There-
fore, the slight but distinct decrease of fibril diameter in the tissue
of LDS and in in vitro formed fibrils as well seems to be due to
both an increase in lysyl hydroxylation, along with a higher content
of enzymaticly glycosylated hydroxylysine, and a higher content of
collagen III.
In conclusion, the initial step in fibrosis of the skin seems to be
an increased hydroxylation of lysyl residues, which is accompanied
by an increased content of enzymatic glycosylated hydroxylysine
residues. In parallel, an increase in the collagen III content occurs
in fibrotic skin. Both processes are associated by an altered regulation
of the molecular and fibrillar architecture, which is characterized
by the occurrence of small diameter fibrils and the generation of
HP cross-links.
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